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______________________________________________________________________________________ 
Abstract 
The goal of this research was to gain understanding of in vitro methane (CH4) production from the 
cecal contents of White Roman geese under various incubation conditions. Five experiments were 
conducted to ascertain the effects of i) incubation time, ii) pH, iii) the addition of formic acid to the culture 
media, iv) temperature, and v) the addition of salt to the nutritive liquid. Methane production increased 
significantly with the supplementation of formic acid in the culture fluid (Experiment III). Additionally, CH4 
production Experiment V was higher than that without saline. In contrast, low CH4 production occurred under 
acidic conditions (pH ≦5.4) and at temperatures higher or lower than typical bird body temperature (43 °C) 
without formic acid and saline solution in the culture media. Since bird body temperature cannot be 
controlled easily, approaches such as maintaining cecum fluid at low pH and preventing the formation of 
formic acid by adjusting the recipes of feeds could be considered for controlling in vivo CH4 production from 
the intestinal tract digesta of geese.  
______________________________________________________________________________________  
Keywords: body temperature, formic acid, geese farm, methane emission, saline solution  
#




Among the greenhouse gases (GHGs), CH4 is a major contributor to global warming effects (Naqvi & 
Sejian, 2011). It is expected to contribute about 18% of total annual GHG emissions (Milich, 1999; 
Forabosco et al., 2017). Major CH4 emission sources include landfills, sediment, natural wetlands, flooded 
paddy fields, sewage treatment works, animal enteric fermentation, and anaerobic fermentation of 
agricultural wastes (Yang et al., 2003). Among these, animal enteric fermentation has been considered the 
main source of CH4 production via the digestion processes of ruminants (e.g. cattle, goats and sheep) and 
non-ruminants (e.g. hogs, horses, chickens, ducks, and geese) (Du Toit et al., 2013; Rendón-Huerta et al., 
2018). Additionally, CH4 production from manure produced in the livestock and poultry industries is a major 
GHG source (Yang et al., 2003; Zhou et al., 2007; Wang et al., 2017). Geese ceca are major places for in 
vivo CH4 production (Chen et al., 2009; Chen et al., 2014). Chen et al. (2003) showed CH4 production from 
caecectomized geese was only 8 - 10% of that of sham-operated geese.  
In the gastrointestinal systems of ruminant and non-ruminant animals, the cecum provides a habitat 
for growing microbes that can transform some dietary fibres symbiotically into short-chain fatty acids to 
provide energy (Gasaway, 1976a, 1976b; Herd & Dawson, 1984). As a result of microbial metabolism, non-
protein nitrogen can be synthesized into amino acids and proteins that can be further digested and absorbed 
by poultry (Bjornhag & Sperber, 1977; Morternsen & Tindall, 1981). Nutrients of cecal contents in poultry can 
be fermented and converted into short-chain (2 - 5 carbons) fatty acids and biogas (e.g. ammonia, carbon 
dioxide and CH4) by microorganisms (Marounek et al., 1999; Chen et al., 2014). Besides, microorganisms 
cultured from poultry and cattle can generate CH4 (Van Kessel & Russell, 1996; Montagna et al., 2019), 
suggesting that microorganisms in poultry ceca and bovine rumen fluids have similar functions. Nonetheless, 
Chen et al., 2021. S. Afr. J. Anim. Sci. vol. 51 187 
 
the CH4 production rates from these microbes could differ because of niche conditions (pH and temperature) 
for diverse animal enteric systems and in vitro tests. Better understanding of CH4 production from animal 
enteric systems would be helpful in attaining sustainable strategies to lower CH4 emission from poultry farms 
(Montagna et al., 2019). 
Van Kessel and Russell (1996) reported that in vitro CH4 production rates from rumen fluid increased 
after a period of incubation, but the trend did not follow a linear relationship, probably because of changes of 
pH in the batches. Chen et al. (2009) showed that in vivo formic acid was the precursor of CH4 in geese, and 
the pH value in the goose ceca typically ranged between 6.21 and 6.51. However, the effects of pH values 
and formic acid concentrations on in vitro CH4 generation from goose cecal fluid have not been studied fully, 
making precise estimation of overall CH4 emission from geese difficult (Zhou et al., 2007). In addition, little is 
known about the potential influence of other environmental factors (e.g. temperature and salinity) on the 
methanogenesis of their cecal contents. An incubation temperature of 39 °C was used to investigate 
methanogenesis of cecal content fermentation of chickens (Tsukahara & Ushida, 2000) and cows (Van 
Kessel & Russell, 1996; Lalla et al., 1998), whereas 38 ºC was used for geese (Chen et al., 2014). Waterfowl 
(e.g. swans, geese, and ducks) usually have higher body temperatures, ranging from 40 °C to 43 °C (Stanier 
et al., 1984; Whittow, 1986), but CH4 production from the cecal contents of geese under various in vitro 
incubation temperatures has not been fully addressed, nor has salinity in the culture media (Chen et al., 
2014). Accordingly, this study aimed to investigate the effects of incubation conditions (times, pH, 
temperature, formic acid concentration, and the presence of saline) on CH4 production from the cecal fluid of 
White Roman geese to achieve strategies to lower CH4 emission and global warming.  
 
Material and Methods 
All the experimental birds were slaughtered at an official slaughterhouse using humane approaches, 
which are regulated under the Animal Industry Act of 1989 and the Animal Protection Act of 1998 of Taiwan 
(home slaughter has been forbidden since 1990s). The animal use protocol was approved by the Institutional 
Animal Care and Use Committee (IACUC) of Tunghai University (THU), Taichung, Taiwan (THU IACUC 
Approval Number 109-58).  
Five experiments were conducted (Table 1). A total of 40 (10, 15, and 15 geese for Experiments I, II, 
and III, respectively) 14-week-old White Roman geese were used as experimental birds. They were raised in 
poultry houses and fed a commercial pellet finisher diet (Table 2) with water supplied ad libitum. For 
Experiments IV and V, fluids were sampled from the ceca of another twenty (10 for each experiment) 14-
week-old White Roman geese that were harvested at a local poultry slaughterhouse.  
 
 
Table 1 Description of five experiments evaluating CH4 production from cecum fluid with factors and 
conditions for each experiment shown in Italics 
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Table 2 Ingredients and nutritional value of the diet fed to growing geese 
 
Ingredients, % Finishing diet (12–14 weeks old) 
  
Yellow corn meal 58.02  
Wheat flour middling 10.00  
Full fat soybean meal 10.00  
Soybean meal, 44% 12.00  
Fish meal, 60% 5.00  
Di-calcium phosphate 1.00  
Calcium carbonate, pulverized 1.20  
Lard 2.00  
Salt 0.40  
DL-Methionine 0.10  
Choline chloride, 50% 0.08  
Premix
1
 0.20  
Calculated nutritional value   
Metabolizable energy, kcal/kg 3010  
Crude protein, % 20.00  
Crude fibre, % 6.50  
Calcium,% 0.92  
Available phosphorus, % 0.42  
   
1
Per kilogram of diet: vitamin A: 15,000 IU, vitamin D3: 3,000 IU, vitamin E: 30 mg, vitamin K3: 4 mg, vitamin B2: 8 mg, 
vitamin B6: 5 mg, vitamin B12: 25 mcg, Ca-pantothenate: 19 mg, niacin: 50 mg, folic acid: 1.5 mg, biotin: 60 mcg, iron: 




The aim of Experiment I was to study the CH4 production (accumulative amount) from the cecal 
contents of White Roman geese under six incubation times (0, 0.3, 1, 2, 3, and 4 hours) (n = 5). The test for 
each incubation time had five replicates. Ten randomly selected 14-week-old birds were slaughtered to 
collect a mixture of cecal contents. In each test, 1 g cecal content was put into a 15-mL vial containing 3.25 
mL of full-strength (1x) nutritive buffer solution (Salvador et al., 1993). The vials were filled with 100% CO2, 
sealed with butyl rubber stoppers and aluminium caps, and incubated in a 38 °C shaker (80 rpm) under 
anaerobic conditions. At the end of each incubation time, 0.2 mL of 10% chloride mercury (HgCl2) was added 
to the vials to terminate bacterial activity. Biogas from each test was sampled from the vial with a gas-tight 
syringe to measure CH4 concentration.  
Experiment II was designed to study the in vitro effect of six pH values (2.4, 5.4, 6.0, 6.5, 7.7, and 8.8) 
on CH4 production from the cecal contents. A total of 18 tests (n = 3) (triplicate for each pH test) were 
conducted in 15-mL vials, each containing 1 g cecal content and 3.25 mL mixed nutritive buffer solution in 
which pH was adjusted to intended values with 10% sodium hydroxide (NaOH) or 6 N hydrochloric acid (Van 
Kessel & Russell, 1996). The pH values were measured with a pH sensor and meter system (Hanna HI 
model 8424; Hanna Instruments, Inc., Woonsocket, Rhode Island). The incubation time was three hours. 
Other preparation conditions were the same as Experiment I.  
The aim of Experiment III was to study how supplementation of formic acid affected in vitro CH4 
production from the cecal contents of the geese (15 randomly selected birds) at seven levels of pH (5.4, 6.0, 
6.3, 6.5, 7.1, 7.5, and 8.3). Each condition was evaluated in triplicate. Experimental preparations were similar 
to those of Experiments I and II, except for the supplementation of 2 μL formic acid (98%) (Merck, NJ, USA)  
to the 3.25-mL mixed nutritive buffer solution.  
The purpose of Experiment IV was to study the in vitro CH4 production from the cecal contents of the 
geese (collected from 10 randomly selected birds) under five incubation temperatures (28 °C, 33 °C, 38 °C, 
43 °C and 48 °C). Each of the temperature conditions was evaluated in triplicate. Most experimental 
preparations were as described, whereas an incubation time of four hours and a pH of 8.34 were used.  
In Experiment V, in vitro CH4 production was tested in triplicate with four culture fluids (3.25 mL of 1× 
nutritive buffer solution, half strength (0.5×) nutritive buffer solution, 0.9% physiology saline solution, and 
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distilled water only). Most of experimental preparations were the same as described above, whereas a pH of 
6.35 (for saline solution), a pH of 8.34 (for nutritive solution), a temperature of 43 °C, and four hours’ 
incubation were used. 
Methane was measured with gas chromatography (Shimadzu, model 14 B) with a FID (flame 
ionization detector) and a column packed with Porapak Q (Supelco, PA, USA). The oven temperature was 
70 °C and the temperature for injection and detector was 130 °C. Nitrogen gas was used as the carrier gas 
with a flow rate of 10 mL/min. Standards of CH4 (0.5, 10, 50, 100, 500, and 1000 ppm) were prepared by 
diluting stock CH4 gas (95.5%) (China Petroleum Co.) with nitrogen gas (98.5%) to construct a calibration 
curve to determine CH4 concentration in each test. The linear calibration curve for CH4 had a R
2 
value > 
0.998 and a coefficient of variation (CV) < 4.7%. Detection of CH4 from 100-ppm standard was used for 
quality control as the CV value was kept <10%. The amount of CH4 production for each batch was then 
expressed as microgram CH4 accumulated per gram of cecal content (µg/g), whereas CH4 production rate 
was shown as microgram CH4 per gram of cecal contents per hour (µg/g/h).  
The SAS software was used for statistical analysis (SAS Institute Inc., Cary, North Carolina, USA). 
Least square means were used to estimate the differences between treatments in each experiment. 
 
Results and Discussion 
Results from Experiment I showed amounts of CH4 accumulated for longer incubation times (181.4 
and 188.4 ug/g for three- and four-hour tests, respectively) were significantly higher than those for shorter 
incubation times (9.9 and 65.8 ug/g for 0.3- and 1-hour tests) (Figure 1). Nonetheless, CH4 production 
seemed to reach saturated level after 3-4 hours incubation, as shown in the notable decrease of CH4 
production during this 0 period (Figure 1, bar chart). Only a little CH4 was produced after three hours of 
incubation, probably because of the gradual exhaustion of substrate in the cecal contents supplied for 
methanogenesis. In this study, a maximum CH4 production rate of 4.85 μ mole/g/h (or 77.6 µg/g/h) (Figure 1, 
bar chart) occurred during incubation times of 0.3 - 1 hour. In previous studies, CH4 production rates were 
3.5 - 10.3 μ mole/g/h for rumen contents (Hungate et al., 1970), 0.1 - 0.3 μ mole/g/h for ceca of rats, and 8.2 
- 11.4 μ mole/g/h for chicken (Tsukahara & Ushida, 2000). These findings suggest that CH4 production from 
cecum and rumen contents for various animals could be affected by culturing conditions and even microbial 
community structures in testing mixtures. 
 
 
Figure 1 Methane accumulative production (line and scatter plot, primary y axis) and methane production 
rate (bar chart, secondary y axis) of cecum contents in geese at different incubation times 
 
Numbers on the symbol or bar indicate the average value for methane accumulation 
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Methane production varied after three hours’ incubation under different initial pH (Figure 2). Results 
showed that the CH4 production for low pH (2.4 and 5.4) batches was significantly lower than for pH 6.0 - 
8.8. A maximum CH4 production was recorded at a pH of 6.5, but did not show statistical difference (P >0.05) 
from those for pH 6.0, 7.7, and 8.8. In contrast, little CH4 was produced under acid conditions (pH ≤5.4). 
Amount of CH4 produced after three hours’ incubation at pH 5.4 (16.4 μg/g) was about five times lower (P 
<0.05) than for pH 6.0 (83.4 μg/g), suggesting acid conditions would inhibit CH4 production from goose 
cecum contents, whereas the pH range from 6.0 to 8.8 was relatively more suitable for bacteria activity 
correlated with CH4 production.  
The considerable decrease in CH4 production from geese cecum contents between pH 6.0 and pH 5.4 
in this study was similar to a study on cow rumen contents, which showed CH4 production decreased rapidly 
at pH lower than 6.5 (Van Kessel & Russell, 1996). Another study suggested that methanogenic bacteria 
were sensitive to pH changes (Fahey & Berger, 1988), probably owing to changes in availability of the 
hydrogen ion (H
+
) involved in the microbial metabolism pathway. Besides, low pH conditions would possibly 
affect acidifying bacteria to convert carbonaceous substrates in cecum contents and culture fluid to short-
chain fatty acids (SCFAs) (e.g. formic acid, acetic acid, and propionic acid) – intermediates for anaerobic 
fermentation and reactants for CH4 production. Consequently, in the culturing mixture, changes in acetate to 
propionate ratio would occur, which has been suggested to have a high correlation with pH of rumen fluid 
and capacity of bacteria in producing CH4 from hydrogen and carbon dioxide (Lalla et al., 1998).  
 
 
Figure 2 Methane production from cecum fluid of geese with different pH values without (a) or with (b) the 
addition of formic acid  
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When formic acid was added to the culturing mixture, more CH4 was produced than in the previous 
tests without formic acid addition (Experiment II) (Figure 2b). The amount of CH4 produced under pH 5.4 - 
8.3 after three hours’ incubation ranged from 142.3 to 178.3 µg/g. Maximum CH4 production was found 
under a pH of 7.1, whereas CH4 production for other pH tests was rather lower, but not significant. 
Interestingly, under pH 5.4, CH4 production from the test with formic acid (142.3 µg/g) (Figure 2b) seemed 
not to have been inhibited, as shown in Experiment II without formic acid (16.4 µg/g) (Figure 2a). This 
suggested that formic acid in the culturing fluid could still be converted into CH4 under a pH of 5.4 by 
methanogenic bacteria in cecal contents. The finding that low pH (5.4) restrained the capability of the 
acidification microorganisms for converting carbonaceous substrates in culturing fluid to short-chain fatty 
acids (including formic acid and acetic acid), but did not have much effect on methanogenic bacteria, as 
shown in Experiment III, among which most of the formic acid seemed to have been converted into CH4.  
Methane production from the cecum contents was significantly different under various incubation 
temperatures (Table 3). The highest CH4 production (1508.69 ± 65.1 µg/g) occurred at 43 °C, whereas the 
lowest (65.01 ± 184.32 µg/g) happened at 28 °C. Low CH4 concentrations could be detected even right after 
preparation and at the beginning of incubation (time 0). Correlation between incubation temperatures and 
CH4 production followed linear and quadratic trends well (P <0.001). These results demonstrated that more 
CH4 would be produced at 43 °C, which was close to the typical temperature of the abdominal cavity of 
waterfowl (Whittow, 1986; Salvador et al., 1993). Interestingly, CH4 production for the cecum fluid from the 
local slaughterhouse was significantly different from that from laboratory poultry houses, although some 
testing conditions for Experiments IV and I were similar (pH ~8.34, temperature 38 °C, and four hours’ 
incubation). Amounts of CH4 produced in Experiment IV were much higher (about tenfold at 38 °C) than 
those from Experiments I, II, and III. It was surmised that the cecum contents sampled from the birds 
purchased from the local poultry processing farm had higher substrate contents or more active 
methanogenic bacteria than those from laboratory-grown birds. To minimize CH4 emission from geese, 
useful approaches would be to control the availability of substrates and the activity of methanogenic 
microbes.  
Earlier studies showed different optimal temperatures for CH4 production from cow rumen fluid (39 °C) 
(Lalla et al., 1998), paddy field soil (34.5 °C) (Parashar et al., 1993), and subarctic peat soil (25 °C) (Dunfield 
et al., 1993), which were all lower than the 43 °C determined for geese cecum fluid in this study. It was 
surmised that microbial composition in the geese cecum fluid tested in this study would be different from 
samples used for previous studies. Microbial species or strains that were well-adapted to conditions in the 
ceca would become dominant in the cecum fluid samples and would show high CH4 production ability under 
a temperature close to typical bird body temperature. This may provide crucial ideas for suitable anaerobic 
microbes and optimal operating parameters for engineered processes for anaerobic biodegradation of 
particular waste. Such information could also be used to amend strategies for minimizing CH4 production 
from uncontrolled sources when CH4 gas was not considered for recovery as a biofuel source. 
 
 
Table 3 Summary of methane productions from cecal contents of White Roman geese at incubation times of 
0 and 4 hours under various incubation temperatures  
 
Temperature, °C 
Accumulated methane (µg/g) 
0 h 4 hrs 
   
28 31.37 ± 0.76 663.01 ± 184.32
a
 
33 36.64 ± 3.08 1244.87 ± 372.48
b
 
38 39.57 ± 4.00 1508.69 ± 65.10
c
 
43 44.21 ± 5.74 2551.63 ± 238.29
d
 
48 36.77 ± 0.86 1279.64 ± 110.54
b,c
 
   
a,b,c,d
 Methane production values with same superscript were not different with probability P-value ≥ 0.05 
 
 
Methane production after four hours’ incubation from the batch tests with saline solution was higher 
than from those using 1× and half-strength nutritive buffer or just distilled water (Table 4). These results 
suggested that the nutritive buffer solution and saline solution enhanced CH4 production from the cecum 
contents. Interestingly, the batch using distilled water without nutritive buffer showed significant CH4 
production (from 37.46 µg/g at time 0 to 718.63 µg/g at four hours). This implied that geese cecum fluids 
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already contain nutrients that are required to metabolize anaerobic methanogenic microbes. Additions of 1× 
nutritive solution or 0.9% saline solution seemed to create better niche conditions for in vitro microbial CH4 
production. In contrast, less rich (or oligotrophic) culturing conditions would result in lower CH4 production, 
which would ease a little the global warming effect of in vivo CH4 production from animal intestinal systems. 
 
 
Table 4 Methane production from cecal contents of White Roman geese using various culture media 
 
Culture media  
Accumulated methane (µg/g) 
0 h 4 hrs 
   
Saline  27.63 ± 4.19 2267.69 ± 108.27
a
 
1× nutritive solution 33.96 ± 3.70 1479.58 ± 69.35
b
 
0.5× nutritive solution  30.61 ± 0.89 1227.86 ± 133.30
c
 
Distilled water  37.46 ± 2.18 718.63 ± 36.84
d
 
   
a,b,c,d
 Methane production values with same superscript were not different with probability P-value ≥ 0.05 
1x: full strength, 0.5x half-strength 
 
 
Since several heavy metals (e.g. zinc, copper, and manganese) were included in the nutritive solution 
as trace elements and different microbes may prefer certain optimal concentrations, inappropriate 
concentrations could lead to adverse effects on microbial activity. Earlier studies showed the toxicity of 
heavy metals on microorganisms (Chaudri et al., 1992; Giller et al., 1998). In addition, salt (sodium chloride) 
seemed to affect CH4 production, even when a nutritive buffer solution containing minerals was used broadly 
to test CH4 production from ruminal fluids (Van Kessel & Russell, 1996), human faeces (Salvador et al., 
1993), and chicken cecum fluids (Tsukahara & Ushida, 2000). Methane production from the samples with 
saline solution (0.9% w/v) was about 1.53 times higher than from the samples using 1× nutritive solution 
(with a sodium chloride concentration of 0.047% w/v). Besides, based on results from Experiment II, the 
saline solution with a pH of 6.35 would be more suitable for CH4 production than the nutritive solution with a 
pH of 8.34.  
 
Conclusion  
Because bird body temperature cannot be regulated easily, maintaining the flow of caecum fluid at low 
pH and preventing the formation of formic acid by adjusting the diet might be considered when attempting to 
control in vivo CH4 production in the intestinal tract of geese. These findings provide insight into in vitro CH4 
production from geese cecum fluids under various conditions and can be used for its estimation and control. 
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